(ii) to assess if HCB causes a gender-specific decrease in the expression of Cx32 and Cx26; and (iii) to establish if these effects result from gender differences in the constitutive expression of these Cxs. Rats were given HCB by gavage for five consecutive days. In the first experiment, control and HCB-treated female rats were sampled on day 100. Intercellular communication was significantly decreased in HCB-treated females compared to controls. To investigate if changes in Cx levels occur prior to day 100, experiments done using male and female rats sampled on day 50. Hepatic mRNA levels for Cx26 and Cx32 were significantly lower only in HCB-treated females as compared to controls. Cx26 mRNA levels were 3-fold higher and Cx32 mRNA levels were 8-fold lower in females compared with males. In a third experiment, ovariectomy abolished any differences between male and female controls for both Cxs, while estradiol had a partial role in the regulation of Cx32. This suggests that the sexual dimorphism in hepatic Cx levels is determined by the ovarian hormones. However, the HCB-induced decrease in Cx32 and Cx26 mRNA levels was maintained in ovariectomized rats, suggesting that the HCB effects are not mediated via an ovary-dependent pathway. Overall results show that HCB exposure induces gender-specific long-term alterations in intercellular gap junctional communication in female rat liver. This effect appears to be a critical mechanism of HCB-induced liver carcinogenesis and tumor promotion.
Introduction
Hexachlorobenzene (HCB) is a widespread environmental contaminant, which has been used as a fungicide and is a Abbreviations: Cxs, connexins; Cx26, connexin 26; Cx32, connexin 32; DEN, diethylnitrosamine; DTT, dichlorodiphenyltrichloroethylene; E2, estradiol; HCB, hexachlorobenzene; LY, Lucifer Yellow; OV, ovariectomized; PBB, polybrominated biphenyls; PCB, polychlorinated biphenyls; RhD, RhodamineDextran; TCDD, tetrachlorodibenzo-p-dioxin. 2 Both authors contributed equally to all parts of the work © Oxford University Press 1243 byproduct of industrial processes. While the use of HCB as a fungicide has been banned in most industrialized countries, it is a persistent contaminant and is still present in the environment (1) (2) (3) . Exposure to HCB has been linked to the development of porphyria and hepatic cancer (3) (4) (5) (6) (7) (8) .
Previous studies in rodents have shown that HCB is an epigenetic carcinogen. Studies from our laboratory have shown that short-term exposure (5 days) to HCB renders females more susceptible than males to the development of porphyria, which begins~40 days after the end of the HCB treatment (9) . Furthermore, the administration of the tumor initiator diethylnitrosamine (DEN) 95 days after the end of treatment results in the development of hepatic tumors in females, with few males exhibiting tumors. This gender-specific effect of HCB in the liver has also been reported by others (10) (11) (12) (13) . This observation not only allows us to use this exposure model to study the mechanisms of action of HCB, but also provides a unique model to address gender-specific tumor formation.
Gap junctions form intercellular channels between adjacent cells which permit bidirectional communication between cells by selectively allowing the passage of small molecules (Ͻ1 kDa) including secondary messengers (e.g. IP 3 , Ca 2ϩ , cAMP). Gap junctions are formed by a family of integral transmembrane proteins termed connexins (Cxs). Cx subunits oligomerize in the trans-Golgi network to form hemichannels or connexons, which consist of six Cxs arranged radially around a central pore. In adult rat hepatocytes there are two main Cxs which modulate intercellular communication: Cx32 and Cx26.
Several studies have shown that gap junctional communication is decreased in carcinogenesis (14) . While the reason for this loss of intercellular communication has not been completely elucidated, it has been suggested that the loss of apoptotic control from adjacent cells may be essential for tumor development (15) . Furthermore, the loss of cell-cell interactions between adjacent cells may be necessary for the clonal expansion of tumors.
The objectives of this study were to determine (i) if HCBinduced tumor development is associated with a loss of gap junctional communication; (ii) whether or not HCB causes a gender-specific decrease in the expression of Cx32 and Cx26; and (iii) if these effects result from a gender difference in the constitutive expression of these Cxs.
Materials and methods

Animals and experimental protocol
Animals. Male and female Sprague-Dawley rats (180-200 g) were purchased from Charles River Canada (St. Constant, QC). Rats were maintained under a constant photoperiod of 12 h light:12 h dark and received food and water ad libitum. All animal protocols used in this study were approved by the University Animal Care Committee.
Experiment 1.
In previous studies, DEN administration 95 days after a 5-day exposure to HCB induced liver tumors in female rats (9) . In order to determine if there is an alteration in hepatic gap junctional communication at day 100, an experiment was done using two experimental groups of female rats: control and HCB-treated. Rats were administered HCB (100 mg/kg) or vehicle (corn oil, controls) by gavage for 5 consecutive days. Rats were sampled 95 days after the end of the HCB treatment and the livers were used to assess junctional communication by dye transfer.
Experiment 2.
To determine if HCB alters mRNA levels of hepatic Cxs, female and male rats were divided into four experimental groups: control females, control males, HCB-treated females and HCB-treated males. Each group consisted of six rats, except for HCB-treated females (n ϭ 7). Rats were administered HCB (100 mg/kg) by gavage every day for 5 consecutive days. Controls received vehicle only (corn oil). Rats were sampled 45 days after the last HCB treatment (day 50 of the experiment) in what has been reported as the early phase of porphyria (9) . Rats were anesthetized with xylazine/ketamine (50:10 mg/kg), the livers removed, frozen in liquid nitrogen and stored at -86°C. Northern blot analysis was done to determine the effects of HCB on hepatic Cx32 and Cx26 mRNA levels, while Cx protein levels were determined by western blot analysis.
Experiment 3.
To assess whether or not differences in the constitutive expression of Cx32 and Cx26 mRNA levels in rat hepatocytes were due to ovarian estrogens, an experiment was done using three experimental groups of female rats: intact controls, ovariectomized (OV), and ovariectomized with a silastic implant of estradiol (OV ϩ E2). Each group consisted of 10 individuals. Estradiol-filled polydimethylsiloxane capsules were prepared according to the methods outlined by Stratton et al. (16) and have well characterized steroid release rates (17) . Ovariectomized rats were implanted with either an empty capsule (1.6 cm) or a capsule filled with 17β-estradiol (1.6 cm; Sigma Chemicals, Missassauga, ON). The latter mimics serum estradiol levels. Capsules were maintained in a solution of 2% bovine serum albumin for 3 days prior to the start of the experiment, ensuring that the newly made capsules had a constant estradiol release rate. Rats were killed 10 days after surgery, the livers were removed, frozen in liquid nitrogen and stored at -86°C.
Experiment 4.
To assess whether or not ovarian hormones modulate the HCB response, an experiment was done using four groups of female rats: intact controls, HCB-treated, ovariectomized as well as an ovariectomized and HCBtreated group. There were six animals in each experimental group. Rats were ovariectomized (control were sham operated) and HCB treatment was initiated 3 days after surgery. Rats were given HCB (100 mg/kg) by gavage for 5 consecutive days; intact controls and OV rats received vehicle alone (corn oil). Rats were sampled 40 days after the end of the HCB treatment. The liver from each rat was removed, frozen in liquid nitrogen and stored at -86°C. Northern blot analysis was done to determine hepatic Cx32 and Cx26 mRNA levels.
Incision loading dye transfer
At the time of sampling, livers were excised and a transverse incision was made on the left lobe of the liver of each rat according to the methods of Sai et al. (18) . A 100 µl aliquot of a dye mixture [0.5% Lucifer Yellow (Sigma Chemicals); 0.5% Rhodamine-Dextran (Sigma Chemicals) in PBS] was placed in the incision. Following the addition of the dye mixture, three longitudinal incisions were made across the initial incision and an additional 100 µl aliquot of dye mixture was added to incisions. Samples were incubated for 3 min at room temperature and subsequently washed in PBS. A sample of liver was then placed in buffered formalin (10%) overnight, dehydrated and embedded in paraffin. Lucifer Yellow (LY) and Rhodamine-Dextran (RhD) transfer were determined by fluorescence microscopy. The RhD migration was used to assess the non-specific transfer while the LY was used to determine gap junction-specific transfer (18) . The extent of the dye migration was determined using digital images that were analyzed using the ImagePro Plus computer program (Media Cybernetics, Silver Spring, MD). Two to three sites per incision were randomly evaluated for dye migration. Means of each animal were used to evaluate differences between groups.
Northern blot analysis
Northern blot analyses were done on total cellular RNA isolated from the liver. RNA was isolated using the guanidinium isothiocyanate method (19) . Aliquots of total RNA (10 mg) were separated by electrophoresis in a 1.2% agarose-formaldehyde gel and transferred onto a charged nylon membrane (Genescreen plus, Dupont Chemicals, Missassauga, ON) as previously described (20) .
Full-length Cx26 and Cx32 cDNA probes were obtained as generous gifts from Drs B.Nicholson (SUNY, Buffalo, NY) and D.Paul (Harvard University, Cambridge, MA). The cDNA probes were labeled by random priming with [ 32 P]dCTP (Oligonucleotide Labelling Kit, Pharmacia-Amersham Biotech, Baie D'Urfé, QC; 21). Each northern blot was standardized for RNA loading by hybridizing the membranes with an end-labeled oligonucleotide probe recognizing the 18S rRNA (21) . Hybridizations of the cDNA probes and 18S rRNA probe were done as previously described (21) . The resulting unsaturated phosphorimages were scanned using a Molecular Dynamics Phosphorimager (PhosphorImager SI TM Molecular Dynamics) and the integrated area under the curve for each signal was standardized against the signal for the 18S rRNA to determine the relative levels of either Cx32 or Cx26 mRNA.
Western blot analyses
Frozen liver samples were homogenized in buffer (0.25 mM sucrose; 10 mM Tris-HCl pH 7.5; 50 mg/ml leupeptin; 50 mg/ml aprotinin; 25 mg/ml pepstatin; 50 mg/ml antipain; 2.5 g/ml phenylmethylsulfonyl fluoride) and centrifuged at 10 000 g for 10 min at 4°C. The resulting supernatant containing the gap junctions was removed and its protein content determined using the Bio-Rad Protein Assay (Bio-Rad, Missassauga, ON).
Protein samples (50 mg) were diluted in loading buffer (Laemmli buffer), and loaded onto a 12% polyacrylamide gel with a 5% stacking gel (22) . Electrophoresis was done at 120 V for 1.5 h until the dye front reached the end of the gel.
The gel was removed from the glass plates, and the proteins transferred onto a nitrocellulose membrane using a Bio-Rad Transblot apparatus at 100 V for 45 min in transfer buffer (25 mM Tris-Base, 0.195 M glycine, 0.1% SDS, 20% methanol and 2 mM CaCl 2 ). At the end of the transfer, the membrane was removed. The transfer of proteins was determined by staining the membrane with a solution of Ponceau Red S (0.5% Ponceau, 1% acetic acid). Nitrocellulose membranes containing the transferred proteins were washed and then blocked overnight with Tris-buffered saline (TBS: 100 mM Tris, 54 mM NaCl, pH 7.5) containing 0.1% Tween and 5% Carnation instant milk. Membranes were then incubated for 1.5 h at room temperature with primary antisera (1.0 µg/ml rabbit anti-mouse Cx26 or 1.0 µg/ml mouse anti-rabbit Cx32; Chemicon International, Temecula, CA). The membranes were washed three times with TBS containing 0.1% Tween and subsequently incubated for 45 min at room temperature with secondary antibody (0.4 µg/ml anti-rabbitIgG conjugated to an alkaline phosphatase; Santa Cruz Biotechnology, Santa Cruz, CA; or 4.8 µg/ml anti-mouse-IgG conjugated to horseradish peroxidase; Sigma Chemicals). Signal detection was done according the manufacturer's recommendations. To standardize for protein loading, the membranes were probed for actin. Membranes were incubated for 1 h with monoclonal mouse anti-actin (1.0 µg/ml; Sigma Chemicals). The membranes were washed three times with TBS containing 0.1% Tween and subsequently incubated for 1 h at room temperature with secondary antibody (3.6 µg/ml anti-mouse-IgG conjugated to peroxidase; Sigma Chemicals). Signal detection was done according to the manufacturer's instructions.
Statistics
To determine differences in Cx mRNA and protein between experimental groups, the data were tested for normality using the Kolmogorov-Smirov test while the Levine median test was done for equal variance. Statistical differences between groups were determined by ANOVA followed a posteriori by a Student-Newman-Keuls test for multiple comparisons between experimental groups. Significance was established at P Ͻ 0.05. All analyses were done using the SigmaStat computer software (Jandel Scientific Software, San Rafael, CA).
Results
Experiment 1
The functionality of gap junctional intercellular communication was determined at day 100 using the incision-loading/dye transfer method as previously described (18) . This method evaluates intercellular communication in vivo by tracking RhD as an indicator of non-specific dye migration (Figure 1Ai ) and LY as an indicator of gap junctional communication (Figure 1Aii ). Gap junctional communication is measured by overlaying the micrographs for each dye and determining the difference in migration between the LY and the RhD (Figure 1Aiii) . Results indicate that in HCB-treated females (Figure 1Bii ) gap junctional communication was significantly decreased by~36% ( Figure 1C ) compared with control females (Figure 1Bi ).
Experiment 2
Female rats were treated with HCB and sampled 45 days after the end of treatment (day 50 of the experiment). HCB administered to rats using this model does not induce liver Fig. 1 . Effects of HCB on intercellular communication in female rat liver. Rats were administered HCB (100 mg/kg) by gavage every day for 5 days and sampled on day 100 of the experiment. Livers were excised and subject to incision-loading/dye-transfer analysis using RhD and LY. For all images, RhD (A, panels i and iii) and LY (A, panels ii and iii; B, panels i and ii) fluorescence is shown by white arrows (100ϫ). The distance of migration is indicated by a white line (A and B). Section B represents LY migration in a control (panel i) and in a HCB-treated female liver (panel ii). Hepatic gap junctional intercellular communication in an intact female and HCB-treated groups are shown (C). The data are expressed as the mean Ϯ SEM (n ϭ 6). The 'a' in section C indicates that the mean is significantly different from controls (P Ͻ 0.05).
injury as determined by the absence of histological changes and normal plasma levels of alanine aminotransferase (ALT) (data not shown). HCB-treated females had significantly lower levels of Cx32 (Figure 2A ) and Cx26 ( Figure 2B ) mRNA levels compared with females given vehicle alone (controls). Cx26 mRNA levels were~40% lower in treated females 1245 compared with controls, whereas Cx32 mRNA levels werẽ 30% lower. There were no significant differences in either Cx32 ( Figure 2C ) or Cx26 ( Figure 2D ) mRNA levels between control and HCB-treated males. This is consistent with the fact that only female rats are sensitized to HCB tumor promotion. Fig. 2 . Effects of HCB on hepatic Cx32 and Cx26 mRNA levels in male and female rats. Rats were administered HCB (100 mg/kg) by gavage every day for 5 days and sampled on day 50 of the experiment. Total cellular RNA was isolated and subjected to northern blot analysis using specific Cx32 and Cx26 cDNA probes. Data were standardized for loading using an 18S rRNA probe. Hepatic Cx32 (A, C) and Cx26 (B, D) mRNA levels in female (A, B) and male (C, D) rats are shown. The data are expressed as the mean Ϯ SEM (n ϭ 6 for all groups except HCB-treated females, n ϭ 7). The 'a' indicates that the mean is significantly different from controls (P Ͻ 0.05).
While Cx26 and Cx32 mRNA levels were not altered in male rats, it is interesting to note that there are important differences in the basal levels of expression for these two Cxs between males and females. Cx26 mRNA levels were almost 3-fold higher in female rats compared with males, whereas Cx32 mRNA levels were 8-fold higher in male rats compared with females (see control levels in Figure 2A to D).
To establish whether or not HCB decreases in Cx26 and Cx32 mRNA also occurred at the protein level, liver samples of control and HCB-treated female rats were subjected to western blot analysis. The results indicate that at the protein level, the effects of HCB are in fact much more pronounced than at the mRNA level. Cx26 protein levels were~63% lower in HCB-treated rats ( Figure 3B ), whereas Cx32 levels were decreased by 90% relative to female control rats ( Figure 3A) .
Experiment 3
The differences in Cx32 and Cx26 mRNA levels between control males and females suggest that ovarian hormones may be important regulators of hepatic Cx mRNA levels. To establish whether or not this was the case, we compared Cx26 and Cx32 mRNA levels in the livers of intact control females with those from ovariectomized rats (OV) and ovariectomized rats given an estradiol implant (OV ϩ E2).
Northern blot analysis indicates that hepatic Cx26 mRNA levels in OV females were~3-fold lower than levels in intact controls ( Figure 4A ), while Cx32 mRNA levels were 6-fold higher in OV females ( Figure 4B ) compared with controls. The differences between intact controls and OV rats are almost identical to the differences observed in the basal mRNA expression of these two Cxs between males and females. Interestingly, estradiol maintenance did not alter Cx26 mRNA levels, as these were comparable to levels in OV rats. This Fig. 3 . Effects of HCB on Cx32 and Cx26 protein levels in female rat liver. Rats were administered HCB (100 mg/kg) by gavage every day for 5 days and sampled on day 50 of the experiment. Livers were homogenized and a 50 µg aliquot of protein from each rat was subjected to western blot analysis using Cx26 (A) and Cx32 (B) antisera. Data were standardized for loading using an actin antisera. The data are expressed as the mean Ϯ SEM (n ϭ 6). The 'a' indicates a significant difference from controls (P Ͻ 0.05).
suggests that the differences in Cx26 mRNA levels are not the result of a decrease in circulating estradiol levels in OV rats. Unlike Cx26 mRNA levels, Cx32 mRNA levels appear to be partially regulated by estradiol, as levels were significantly lower in OV ϩ E2 rats than levels found in OV rats. However, Cx32 mRNA levels remained significantly elevated compared with intact controls, suggesting that other ovarian factors may contribute to the regulation of steady-state hepatic Cx32 mRNA levels ( Figure 4) .
Experiment 4
The results from the first two experiments indicate that the ovary and ovarian hormones may be important regulators of hepatic Cx26 and Cx32 mRNA levels. In this experiment we wanted to assess whether or not the ovary could influence the HCB response with respect to hepatic Cx26 and Cx32 mRNA levels. To address this objective an experiment was designed using four experimental groups of female rats: a control group, an HCB-treated group, an OV group, and an HCB-treated OV group (OV-HCB). Rats were sampled on day 45 of the experiment.
Both Cx26 and Cx32 mRNA levels were lower in the HCBtreated group compared with control female rats ( Figure 5) . Fig. 4 . Effects of ovariectomy on hepatic Cx32 and Cx26 mRNA levels in female rats 10 days after surgery. Rats were ovariectomized (OV) and given an estradiol implant (OV ϩ E 2 ) (control were sham-operated). Rats were sampled 10 days after surgery. Total cellular RNA was isolated from livers and subjected to northern blot analysis using specific Cx32 and Cx26 cDNA probes. Data were standardized for loading using an 18S rRNA probe. Hepatic Cx26 (A) and Cx32 (B) mRNA levels in female rats are shown. The data are expressed as the mean Ϯ SEM (n ϭ 10). The 'a' indicates that the mean is significantly different from controls (P Ͻ 0.05) and 'b' indicates that the mean is significantly different from the OV group.
Ovariectomy resulted in a significant decrease in Cx26 mRNA levels by almost 75% ( Figure 5A ). Interestingly, Cx32 mRNA levels were not significantly different from controls ( Figure  5B ), suggesting that the increased levels observed 10 days after ovariectomy may be transient. Furthermore, there were also decreases in both Cx32 and Cx26 mRNA levels in the OV-HCB group compared with the OV group ( Figure 5 ). This suggests that HCB-induced lower hepatic Cx32 and Cx26 mRNA levels are not the result of an ovarian-mediated pathway.
Discussion
HCB promotes gender-specific tumor formation in female rat livers (9, 10) . The mechanism responsible for this genderspecific effect is unknown. It has been shown that the formation of tumors is associated with a loss of intercellular communication (23) (24) (25) (26) . In the present study we have demonstrated that HCB administration resulted in significantly lower levels of both Cx32 and Cx26 mRNA and protein levels in the livers Fig. 5 . Effects of HCB on hepatic Cx32 and Cx26 mRNA levels in female rats and ovariectomized female rats 45 days after the first day of HCB exposition. Rats were ovariectomized (OV) (control were sham-operated) and administered HCB (100 mg/kg) by gavage every day for 5 days, beginning 3 days after the surgery. The livers were sampled on day 45 of the experiment. Total cellular mRNA was isolated and subjected to northern blot analysis using specific Cx32 and Cx26 cDNA probes. Data were standardized for loading using an 18S rRNA probe. Hepatic Cx26 (A) and Cx32 (B) mRNA levels in females are shown. The data are expressed as the mean Ϯ SEM (n ϭ 6). The 'a' indicates that the mean is significantly different from controls (P Ͻ 0.05) and 'b' denotes a significant difference from OV (P Ͻ 0.05).
of female rats sampled 45 days after the last administration of HCB (Figures 2 and 3) . Interestingly, Cx32 and Cx26 mRNA levels in the livers of male rats which received an identical exposure to HCB were not significantly different from vehicleexposed controls. Since female rats develop hepatic tumors, our results suggest that decreased Cx32 and Cx26 expression, as well as decreased gap junctional intercellular communication, are associated specifically with carcinogenesis.
It has been suggested that the majority of malignant tumors have altered intercellular communication. While it has not been clearly established why there is aberrant gap junctional intercellular communication in tumor cells, transfecting malignant cells with certain Cxs, such as Cx26, can decrease tumor progression, thereby suggesting that Cxs and gap junctional communication may act as tumor suppressors (27) . What is particularly interesting with the present observations is that HCB decreases gap junctional communication prior to the formation of hepatic tumors in female rats. This suggests that the decreased expression of cellular Cxs and consequent decrease in gap junctional communication are early events in the process of chemically-induced liver carcinogenesis. In fact, Cx32 may serve as an early marker of liver tumors. This is similar to the loss of Cx43 expression, which has been suggested as a marker of breast tumors (28) . Furthermore, since HCB is an epigenetic carcinogen, it is unlikely that HCB exposure results in mutations to either the Cx32 or Cx26 genes, but rather that their regulation is altered via other intracellular pathways.
While other organochlorines such as tetrachlorodibenzo-pdioxin (TCDD) (29) , pentachlorophenol (18) , polychlorinated biphenyls (PCB) (30, 31) , clofibrate (31), dichlorodiphenyltrichloroethylene (DDT) (32, 33) and the metal cadmium (34) have all been shown to decrease gap junctional communication, HCB is the only chemical to our knowledge which causes gender-specific decreased gap junctional communication. Environmental carcinogens such as PCBs, TCDD and polybrominated biphenyls (PBBs) have also been suggested to cause female-specific hepatic tumors, however, it is not known whether or not these chemicals act via similar mechanisms as HCB.
Our present data suggest that there exists a sexual dimorphism in Cx32 and Cx26 mRNA levels of control rats. This dimorphism may be responsible for rendering female rats more susceptible to the formation of hepatic tumors than their male counterparts. Our data indicate that the ovary appears to be an important regulator of hepatic Cx26 mRNA levels, but estradiol does not appear to be responsible for this regulation. While it is difficult to establish which other ovarian factors are responsible for regulating Cx26, other studies have reported that progesterone can regulate Cx mRNA levels in the uterus (35) . Further studies will be necessary to establish whether progesterone regulates Cx26 in the liver.
Cx32 mRNA levels were significantly higher in OV rats sampled 10 days after surgery. Unlike Cx26, Cx32 mRNA levels were decreased in OV rats given estradiol, although Cx32 mRNA levels were not maintained at control levels. This suggests that estradiol partially regulates Cx32 mRNA levels and that other ovarian factors contribute to the regulation of hepatic Cx32. The ovarian regulation of hepatic Cx32 mRNA levels however, appears to be transitory, since OV rats sampled 45 days after surgery had Cx32 mRNA levels that were not significantly different from intact control rats. Several studies have reported that either cellular levels or the cellular distribution of Cxs in reproductive and endocrine tissues can be influenced by steroid hormones (36) (37) (38) (39) (40) (41) . While in many of these studies estradiol increases Cx levels, our data clearly indicate that in the liver, estradiol down-regulates Cx32 or does not influence Cx26 mRNA levels. Our results indicate that the ovary and, most likely, ovarian hormones are responsible for the sexual dimorphism in hepatic Cx26 and Cx32 mRNA levels of control rats.
In OV rats sampled at day 45, HCB decreased both Cx26 and Cx32 mRNA levels, despite the fact that Cx26 mRNA levels were already depressed as a result of the ovariectomy. This suggests that the effects of HCB are not mediated via a peripheral action of HCB on the ovary, but are most likely the result of a direct effect of HCB on the liver. This is particularly interesting, since HCB did not alter Cx26 and Cx32 mRNA levels in the males (Figure 2) , indicating that the genderdependent differences in Cx26 and Cx32 mRNA levels induced by HCB can be attributed to non-ovarian factors.
Cx32 is~10 times more abundant than Cx26 in the liver. The importance of both Cxs in promoter-induced tumors may therefore be different. It has been demonstrated using mutated Cx32 transgenic mice that a lack of Cx32 results in a higher incidence of spontaneous and chemically-induced hepatic tumors (42) . Omori et al. (43) have recently reported that the occurrence of spontaneous liver tumors in hepatic Cx32 knockout mice was not different from wild-type mice. However, these mice were more susceptible to DEN-induced hepatocarcinomas than wild-type mice. Based on our results, it is tempting to speculate that exposure to HCB leads to a 'chemically-induced knock-down' of Cx32 in female rats, leading to hepatic liver tumor formation.
In conclusion, HCB exposure results in gender-specific longterm alterations in intercellular gap junctional communication in female rat liver. This decrease occurs prior to the development of hepatic tumors and may represent an early indicator of chemically-induced carcinogenesis. This effect occurs independently of the presence of the ovaries, thereby suggesting that non-ovarian factors play an important role in HCB-induced decreased intercellular communication and carcinogenesis.
